Background: Frankia sp. strains are actinobacteria that form N 2 -fixing root nodules on angiosperms. Several reference genome sequences are available enabling transcriptome studies in Frankia sp. Genomes from Frankia sp. strains differ markedly in size, a consequence proposed to be associated with a high number of indigenous transposases, more than 200 of which are found in Frankia sp. strain CcI3 used in this study. Because Frankia exhibits a high degree of cell heterogeneity as a consequence of its mycelial growth pattern, its transcriptome is likely to be quite sensitive to culture age. This study focuses on the behavior of the Frankia sp. strain CcI3 transcriptome as a function of nitrogen source and culture age. Results: To study global transcription in Frankia sp. CcI3 grown under different conditions, complete transcriptomes were determined using high throughput RNA deep sequencing. Samples varied by time (five days vs. three days) and by culture conditions (NH 4 + added vs. N 2 fixing). Assembly of millions of reads revealed more diversity of gene expression between five-day and three-day old cultures than between three day old cultures differing in nitrogen sources. Heat map analysis organized genes into groups that were expressed or repressed under the various conditions compared to median expression values. Twenty-one SNPs common to all three transcriptome samples were detected indicating culture heterogeneity in this slow-growing organism. Significantly higher expression of transposase ORFs was found in the five-day and N 2 -fixing cultures, suggesting that N starvation and culture aging provide conditions for on-going genome modification. Transposases have previously been proposed to participate in the creating the large number of gene duplication or deletion in host strains. Subsequent RT-qPCR experiments confirmed predicted elevated transposase expression levels indicated by the mRNA-seq data. Conclusions: The overall pattern of gene expression in aging cultures of CcI3 suggests significant cell heterogeneity even during normal growth on ammonia. The detection of abundant transcription of nif (nitrogen fixation) genes likely reflects the presence of anaerobic, N-depleted microsites in the growing mycelium of the culture, and the presence of significantly elevated transposase transcription during starvation indicates the continuing evolution of the Frankia sp. strain CcI3 genome, even in culture, especially under stressed conditions. These studies also sound a cautionary note when comparing the transcriptomes of Frankia grown in root nodules, where cell heterogeneity would be expected to be quite high.
Background
Studies on actinorhizal symbioses have benefitted greatly from several genome sequences of the actinobacterial symbiont Frankia sp. strains. Such strains induce root nodules and fix N 2 in a broad array of plants [1] . The smallest frankial genome finished to date is that of Frankia sp. HFPCcI3 (CcI3) that infects plants of the family Casuarinaceae; it is about 5.4 Mbp in size and encodes 4499 CDS [2] . A striking feature of the CcI3 genome is the presence of over 200 transposase genes or gene remnants that may play, or have played, a role in genome plasticity [3] . In addition, relative to other Frankia sp. genomes that have been sequenced, CcI3 contains few gene duplicates [2] . Comparative genome studies suggest that evolution has favored gene deletion rather than duplication in this strain, perhaps as an outcome of its symbiotic focus on a single, geographically limited group of plants in the Casuarinaceae [2] .
Transcriptome sequencing of bacterial genomes has yielded surprising complexity (for a review see [4] ). Such studies have shown differential cistron transcription within operons [5] , small regulatory RNA transcripts [6] [7] [8] [9] and numerous riboswitch controlled transcripts [10, 11] . Significant transcriptional heterogeneity has also been found in single cultures that has been ascribed to subpopulations within an otherwise synchronized bacterial population [12] . High throughput RNA-seq methods provide a tool for transcript quantification with a much higher dynamic range than that provided by microarray studies by relying on direct comparison of transcript abundance for assessing differential expression [13] .
Frankia transcriptome studies have the potential to reveal common genes and pathways active in, or essential to, symbiosis and free-living growth. A first step to resolving symbiotic-specific expression is to gain insight into transcriptional behavior and variability in axenic culture. This work helps address the issue of cultural heterogeneity that will likely be exacerbated by physiological heterogeneity in symbiosis. A previous transcriptome study has been done using whole-genome microarrays in Alnus and Myrica root nodules using cultured Frankia alni strain ACN14a as a reference [14] . In that study, relatively few surprises were encountered and the overall transcription profile was similar in both nodule types. We focus here on an approach using transcriptome deep sequencing of cultured Frankia strain CcI3 grown under different conditions, and the analysis of subsequent data to provide insight into the global expression that may impinge on physiology and genome stability in Frankia strains.
Results and Discussion

Culture characteristics and experimental design
As a consequence of its filamentous growth habit, Frankia sp. strain CcI3 grows from hyphal tips with an initial doubling time of about 18 hrs that subsequently slows to more linear growth [15] . As tips extend, cells left behind are physiologically in stationary phase and eventually senesce. Thus, even young cultures (defined here as three days old) have a degree of physiological heterogeneity that increases as cultures age [16] . This heterogeneity must be taken into account in interpreting global transcriptome analyses.
Several factors in our sampling and library creation may influence a transcriptome analysis. Single Frankia cultures were used in preparing RNA libraries for each sample prior to sequencing. In addition, each sample was run on the Illumina GA IIx sequencer without technical replicates. While technical and biological replicates would have eliminated two potential sources of variability in the results of this experiment, several studies have suggested that both types of variability are unlikely to influence end results [13, 17] , while other studies have found significant variation among replicate samples [18, 19] . Such effects may only influence low RPKM value genes [20] but, as with many such studies, our results must be viewed in the light of many potential variables.
RNA sample quality and features
RNA preparations used for making dscDNA libraries for Illumina sequencing had 260/280 ratios greater than 2.0 and greater than 400 to 950 ng per μl. PCR amplification using primers for the glnA gene failed to yield an amplicon from RNA preparations indicating very low, if any, DNA contamination. In addition, an RT-PCR assay revealed no detectable DNA within total RNA samples prepared in a separate experiment, confirming that the RNA extraction technique can apply to sensitive RNA based experiments that use strain CcI3.
Transcriptome sequencing done using 5dNH4 CcI3 cells yielded about six million reads, three million of which could be mapped to the Frankia sp. CcI3 genome (Table 1) . Almost 51% of the mapped reads were from rRNA or tRNA (Table 1 ). An updated base-calling algorithm (RTA v. 1.6) yielded substantially higher reads for samples from 3dNH4 and 3dN2 cultures. About 26 million reads were obtained for the latter samples, with about 16 million mapped reads in each (Table 1) . Noncoding RNAs represented a greater proportion of mapped reads in these two samples, comprising nearly 80% of the total.
Even after ribosomal RNA depletion, non-coding sequences formed the majority of reads in all samples with the greatest reduction seen in the 5dNH4 sample (Table 1 ). This relative amount of rRNA could be related to the reduction of rRNA in older cultures, as observed in stationary and death phase cultures of E. coli [21] . On the other hand, given the concentration dependence of the rRNA depletion method used in preparing the mRNA-seq libraries, a decrease in the proportion of rRNA in the five-day time point could have resulted from more efficient depletion. Incomplete depletion of rRNA populations is similar to what is observed in other studies and is related to the sheer abundance of such sequences [22] .
The number of coding RNA reads was similar among all three samples although the read length for the 3dNH4 and 3dN2 samples was 76 versus 34 for 5dNH4. All of the pseudogenes present in the CcI3 genome had transcripts in at least two of the three genomes (Table  1) . Pseudogene transcription is presently not believed be a rare event [23] , though many pseudogenes identified in a bacterial genome may simply be misannotated ORFS.
Functional Pathways
The 100 genes with the highest RPKM value in each condition, omitting ribosomal RNAs, are listed in Table  2 . The number of hypothetical genes in this group range from 29 in the 3dNH4 cells to 39 in the 3dN2 cells to 43 in the 5dNH4 cells. Older cultures had more transcripts associated with tRNAs, transposases, CRISPR elements, integrases and hypothetical proteins than did younger cultures. Indeed, had they been included in the list, 18 of the 46 tRNA genes in CcI3 would have been in the top 100 most abundant transcript populations in 5dNH4 cells whereas no tRNAs were found in the top 100 transcripts in 3dN2 or 3dNH4 cell populations. The picture painted by the abundance of such transcripts is one of cells starved for essential metabolites such as amino acids, as expected in aging cells. In addition, enzymes involved in solving oxidative damage (e.g. protein-methionine-S-oxide reductase) were also more abundant in the older culture. Conversely, enzymes involved in catabolism (eg. alcohol dehydrogenase) were more frequently represented in the two younger cultures.
Comparison of the top 100 gene lists with each other (color coded in Table 2 ) and construction of heat maps of all genes revealed that overall gene expression varied more with culture age (three versus five days) than culture condition (+/-NH 4 + ), with 3dNH4 and 3dN2 clustering before the 5dNH4 sample ( Figure 1 ). Gene dendrograms (left side of the figure) gave five clusters of genes (Groups I through V) that had within-group expression profiles consistent among the three culture conditions tested. The genes in each cluster are listed in Additional File 1: Gene_list.xls.
Group I genes are clearly down-regulated in 3dNH4 cells; these include 30 transporter related genes, five diguanylate cyclases and an array of putative N-controlled proteins such as assimilatory nitrate reductase, adenosine deaminase, allantoinase and nitrogen fixation (nif) genes in addition to 252 hypothetical proteins.
Group II genes are up regulated in 3dN2 cultures and include most of the nif genes, genes involved in sulfur metabolism and iron-sulfur protein synthesis, cell division proteins and hydrogenase synthesis. The 3dN2 culture was prepared with a modified iron stock containing a higher concentration of iron sulphate and sodium molybdate [24] . We cannot rule out that an increase in iron-sulfur protein synthesis may be related to the increase in iron sulphate to the medium although it is more likely to be related to an increased demand for iron and molybdenum. Eight phage integrases were also present in Group II, which was the highest number of integrases present in any of the five groups. Group III contains genes that have relatively more transcripts in 5dNH4 cells; these include a larger proportion of hypothetical protein ORFs (523 ORFs) than were present in the other four groups (average of~200 ORFs per group). All of the annotated excisionase/Xis ORFs were present in the Group III list, suggesting that phage-related excisionases are being transcribed more in the 5dNH4 sample than in the other conditions. Group IV genes were more abundantly transcribed in the 3dNH 4 + sample including several sigma factors; this group also had the fewest transposase ORFS (2 ORFs). Group V contains ORFs more highly expressed in younger cultures. ORFs in this grouping include 17 ribosomal protein ORFs, and a majority of the glycolytic enzymes.
As expected, nif ORFs were more highly expressed in the 3dN2 sample, with numerous vesicles present, than in the 3dNH4 sample and were in Group II on the heat map. The 5dNH4 culture also had nif expression above that detected in the 3dNH4 culture. Three nif ORFs were not significantly expressed in the 5dNH4 sample over the 3dNH4 sample as predicted by a Kal's ztest p value [25] (Table 3 ). On the other hand, the genes for the core nitrogenase components nitrogenase reductase (nifH), and nitrogenase alpha and beta chains (nifKD) were upregulated in the 3dN2 sample, and were cotranscribed to similar extents within individual cultures, suggesting that they exist in an operon independent from the rest of the nif cluster. An intergenic space consisting [26] that are unlikely to give a sufficient quantity of mRNA for second generation sequencing technologies, long-read, single molecule sequencing techniques run in parallel could specifically sequence the transcriptome of distinct cell morphologies in a pure culture as was recently done with Vibrio cholerae [27] .
Insertion Sequences
Recent studies on Frankia proteomes have indicated the presence of several transposases in CcI3 grown in culture and in symbiosis [28] , raising the question of how IS elements behave in cultured CcI3 cells. Given the number of transposase ORFs in the CcI3 genome (148 complete plus 53 fragments identified by PSI-BLAST analysis [2] ), mRNA deep sequencing provides an efficient method of quantifying their behavior in cultures grown under different conditions. RPKM values for the transposase ORFs were plotted against the locations of IS elements in strain CcI3 (Figure 2; [3] ). Additional files 2, 3, 4, 5, 6 and 7 list the calculated expression data for the transposase ORFs. Transposase transcripts were generally more abundant than the transcriptome's median RPKM value (dashed line; values respective of sample) throughout the genome. The visual representation of transcript abundance in Figure 2 indicates that transposase ORFs were overall more highly expressed in older cultures and, to a lesser extent, in N 2 fixing cells than in younger, nutrient sufficient cultures. Seventy-three transposase ORFs in the 5dNH4 sample were more highly expressed with respect to the 3dNH4 sample ( Figure 2 ; Additional file 8: SNP_call_list.xls). Only 29 transposase ORFs were shown statistically to have higher expression in 3dNH4 than in 5dNH4. A similar trend was noticed in the 3dN2 vs 3dNH4 sample, with 91 transposase ORFs having statistically significant higher expression values in the 3dN2 sample. Many transposase ORFs had similar expression in the 3dN2 vs 3dNH4 and the 5dNH4 vs 3dNH4 comparisons. This is reflected in the ztest p values, as the 3dN2 vs 3dNH4 comparison had 50 changes with p values greater than 0.05 and the 5dNH4 One IS66 transposase (Locus tag: Francci3_1864) near the 2 Mb region of the genome had an RPKM greater than 1600 in all samples. The majority of these reads were ambiguous. This transposase has five paralogs with greater than 99% nucleotide similarity, thereby accounting for ambiguous reads, so the elevated RPKM, while still high, is distributed among several paralogs. Other transposase ORFs with RPMK values higher than the median were more likely to be present in CcI3 deletion windows (gray boxes [3] ) as determined by a Chi Square test against the likelihood that high RPKM transposase ORFs would exist in a similar sized region of the genome at random (p value = 1.32 × 10 -7 ). This observation suggests that any transposase found in these windows is more likely to be transcribed at higher levels than transposases outside of these regions. The largest change in expression was found in an IS3/ IS911 ORF between the 5dNH4 and 3dNH4 samples. This ORF (locus tag: Francci3_1726, near 1.12 Mb) was expressed eleven fold higher in the 5dNH4 sample than in the 3dNH4 sample. Five other IS66 ORFs are also highly expressed in 5dNH4 ranging from 4 fold to 5 fold higher expression than in the 3dNH4 sample. Eight IS4 transposases had no detected reads under the alignment conditions in each growth condition. These eight IS4 transposases are members of a previously described group of 14 paralogs that have nearly 99% similarity in nucleic acid sequence [3] . Parameters of the sequence alignment used allowed for ten sites of ambiguity, therefore discarding reads from eight of these 14 duplicates as too ambiguous to map on the reference genome. Graphic depictions of assembled reads derived from raw CLC workbench files show that the majority of reads for the six detected IS4 transposases mapped around two regions. Both of these regions contained one nucleotide difference from the other eight identical transposases. De novo alignment of the unmapped reads from each sample resulted in a full map of the highly duplicated IS4 transposase ORFs (data not shown).
More globally, the 5dNH4 and 3dN2 samples had higher RPKM values per transposase ORF than in the 3dNH4 sample. The sum of the RPKM values among the transposase data set placed the 5dNH4 sample (34350 sum RPKM) and the 3dN2 (36150 sum RPKM) each nearly 30% higher than in 3dNH4 (26916 sum RPKM). The numbers of transposase genes classified as upregulated in the heat maps in Figure 1 include 44 in 3dN2 cells, 40 in 5dNH4 cells and only two in 3dNH4 cells. Twenty-eight were down regulated in the 3dNH4 cells as shown by the heat map analysis (Additional File 8: SNP_call_list.xls). These results suggest a relative quiescence of transposase ORFs during healthy growth, and a burst of transcription when cells are stressed. Mutagenesis of genes involved in general metabolic pathways in Escherichia coli has been shown to promote earlier transposition of an IS5 family insertion sequence [29] . Media supplements to the mutated cells were shown to delay transposition events, thereby showing general starvation responses were likely involved in increased IS element activity [29] .
The expression of nif cluster genes in the 5dNH4 sample suggests that the ammonium content of the medium was depleted, or nutrient deprived microsites had developed among the mycelia. One of the highly expressed non-ribosomal ORFs is the pyrophosphohydrolase gene hisE (Francci3_4317), suggesting that the amino acid histidine is in short supply. Additionally, a serine O-acetyltransferase was highly expressed in 5dNH4 cells, indicating activity in the cysteine synthesis pathway. Higher expression of both ppx/gppA ORFs (Locus tags: Francci3_0472 and Francci3_3920) in the 5dNH4 sample suggests that the stringent response [30] is active in response to amino acid deprivation. Two ORFs annotated as (p)ppGpp synthetases (Locus tags: Francci3_1376 and Francci3_1377) were actually more highly expressed in 3dN2 and 3dNH4 cells than in 5dNH4 cells.
Transcription of IS elements does not directly correlate to translation [31] . Many IS elements prevent their own transposition by requiring a -1 frame shift mutation in the transcript in order to express a functional transposase protein [32] . Since the specific methods of translational control used by Frankia IS elements are unknown, transcriptome data alone cannot be used as a proportional metric for transposition activity. On the other hand, recent proteomic studies on the CcI3 genome have confirmed that translation of many IS elements does occur in vivo and in symbiosis [16, 33] .
RT-qPCR confirmation of transposase transcription
Duplicated copies of highly similar transposase ORFs presented a problem in the analysis of transcript sequence data. To compare transcription frequencies of duplicated ORFs in different culture conditions, we used RT-qPCR to amplify conserved regions of eight duplicated transposase ORF families using primers designed to amplify conserved regions in each group. The duplicates had greater than 98% nucleotide similarity with each other. The glutamine synthetase I (glnA) gene was used to normalize expression data as previously described [34] . We included a five-day old nitrogen fixing (5dN2) condition in our assay to better estimate transposase ORF expression in two older culture conditions (5dN2 and 5dNH4).
The results of the RT-qPCR assay confirmed the transcriptome sequence data (Figure 3 ). Comparing the fiveday samples with three-day samples revealed an increase in transposase ORF transcription in older cultures in nearly all cases (Figure 3a ). The only exception was in the case of the Tn3 family of transposases where transcription was predicted to be higher (fold change values less than one) at three days in both conditions. This may be due to transposition immunity described for other members of the Tn3 family [35] . Cross comparisons of NH4 and N2 samples revealed that nitrogen fixing cultures had more transposase transcripts from these duplicated families than from the ammonium cultures at both time points (Figures 3b and 3c ). The most dramatic change in transcript quantity was found for the IS4 transposases' transcripts in the 5dN2 sample that were 7.4 fold higher than levels in the 3dNH4 sample. As the representative transposase ORFs chosen for the RT-qPCR analysis were families of duplicates, a direct comparison of RT-qPCR fold change to transcriptome RPKM values was difficult to make. Still, the results of this experiment confirm the general trend of transposase ORF transcription in Frankia sp. CcI3: older and nitrogen-deprived cultures had higher transcription of transposase ORFs.
Prophage and CRISPRs
ORFs with phage-related annotations were all more highly transcribed in the five-day sample with respect to both three-day samples ( Table 4 ). Several ORFs annotated as phage integrases were expressed more than two-fold in the 5dNH4 sample when compared to the 3dNH4 sample. Comparisons of fold change among all three samples yielded many statistically insignificant differences as determined by a Kal's z-test suggesting that these ORFs are likely transcribed at similar rates regardless of culture conditions. A phage SPO1 DNA polymerase-related protein (Francci3_0075) was constitutively expressed in all three samples, and four phage resistance ORFs were up-regulated in the 5dNH4 sample. The latter include members of the pspA and pgl (Phi C31) families of phage resistance genes. Similar RPKM values between the two pgl ORFs in all three samples suggest that these ORFs are transcribed as an operon in CcI3.
CcI3 has four putative CRISPR arrays, two of which are located near clusters of CAS ORFs (data obtained from CRISPRFinder [36] ). Three of the CRISPR arrays had high numbers of repeat copies (38, 15 and 20 spacers per array ordered with respect to the OriC) making alignment of ambiguous sequence reads difficult. Even the shorter 36 bp read lengths of the 5dNH4 sample could not be reliably mapped across the arrays using the CLC Genome Workshop alignment programs. As a result, few reads mapped to the array region of the CRISPR islands and numerous deletions were predicted (Additional Files 2 through 7). The CAS ORF transcripts, by contrast, were detected in all three samples. Again, transcription was modestly higher in the 5dNH4 sample than in the 3dNH4 sample (Table 5 ). In this instance, the 3dN2 sample had nearly two fold higher expression of all CAS ORFs when compared with the 3dNH4 sample. Comparison of the 5dNH4 and 3dN2 samples revealed insignificant fold changes as determined by a Kal's ztest.
SNP detection
Given the base pair resolution of RNA sequencing, it is possible to identify single nucleotide polymorphisms (SNPs). Recent analysis of the bovine milk transcriptome revealed high fidelity of SNP calls derived from an RNAseq experiment, though the authors caution that stringent criteria are necessary to reduce false positive calls [37] . Using similar filtering criteria, we identified 215 SNPs in the 5dNH4 sample, 365 SNPs in the 3dN2 sample and 350 SNPs in the 3dNH4 sample. Comparison of the SNP populations revealed that the 5dNH4 sample had substantially different SNP calls than the 3dN2 and 3dNH4 samples. Only 21 of the putative SNPs were found in all three samples ( Table 6 ). Twelve of these common SNPs resulted in non-synonymous amino acid changes.
There are several possibilities that may explain the variance of SNP content between the 5dNH4 sample and the two three day samples. The age of the culture is a possible, yet unlikely, contributor to a significantly different SNP pattern. Frankia strains are maintained by bulk transfer of cells since derivation from single colonies is problematical due to the hyphal habit of growth. Thus, over time, SNPs likely arise spontaneously. Another possibility is that errors are incorporated into the mRNA-seq libraries resulting in false positive SNPs. The Superscript III © reverse transcriptase used in the first strand cDNA synthesis was derived from a MML virus [38] and has an error rate of approximately 3.0 × 10 -5 errors per base [39] . Therefore, only SNPs detected in all three samples with high coverage and multiple variant copies were likely true positive SNPs.
Conclusions
We deep-sequenced dscDNA libraries derived from three culture conditions of Frankia sp. CcI3. Overall gene expression varied more as a function of culture age than as a function of nitrogen deprivation, likely because the cell population has fewer actively growing cells at the fifth day of culture and those remaining are adapting to nutrient deprivation. In two limited nutrient environments, transposase ORFs were relatively more highly expressed than in younger ammonium grown cells. A RT-qPCR assay designed to quantify highly duplicated transposase ORFs supported the data from the mRNAseq experiment. These results, in tandem with discovery of putative SNPs, suggests that the IS element laden CcI3 genome is in constant flux within the relatively mundane conditions of a culture flask.
Methods
Culture media and conditions
Frozen stocks of Frankia sp. strain CcI3, were suspended in duplicate in 200 ml of Frankia Defined Minimal media (FDM) containing 45 mM sodium pyruvate and 9.3 mM ammonium chloride in 500 ml flasks [40] . Cells were grown at 30°C for three or five days on FDM with or without (N 2 fixing cells) ammonium. Nitrogen fixing cultures were prepared using a modified iron stock as previously described [24] . Given the difficulty in quantifying viable Frankia cells in culture, a total of three ml of gravity-settled cells were harvested per culture flask for RNA extraction.
RNA extraction
Frankia cells were processed using a ZR Fungal/Bacterial RNA MiniPrep™ kit from Zymo Research © (http:// In order to enrich mRNA content for generating a cDNA library, we used the MICROBExpress™ Bacterial mRNA Enrichment Kit (Ambion Inc., http://www. ambion.com). The manufacturer's website specifies that the oligonucleotide sequence used by the kit should anneal to the 16S and 23S rRNA sequences of many eubacterial species including Frankia sp. Approximately 10 μg of Frankia total RNA in each condition was processed using the kit per the manufacturer's instructions. This procedure yielded 2 -3.75 μg of RNA after depletion for each sample. Subsequent gel analysis and sequencing data revealed substantial 16S and 23S rRNA within the sample, suggesting only partial depletion of rRNA transcripts. Samples were nonetheless prepared using the depletion kit in order to minimize variability due to differential handling in the experiment.
Complementary DNA library generation
One microgram of processed Frankia RNA was used in an Illumina mRNA-seq kit. The poly-dT pulldown of polyadenylated transcripts was omitted, and the protocol was followed beginning with the mRNA fragmentation step. A SuperscriptIII © reverse transcriptase was used instead of the recommended SuperscriptII © reverse transcriptase (Invitrogen™). This substitution was made in light of the higher G+C% of Frankia sp. transcripts (71% mol G+C) and the ability of the SuperscriptIII © transcriptase to function at temperatures greater than 45°C. Because of this substitution, the first strand cDNA synthesis stage of the protocol could be conducted at 50°C instead of 42°C. Since a second-strand cDNA synthesis was performed, the cDNA library was agnostic with respect to the strandedness of the initial mRNA. The final library volumes were 30 μl at concentrations of 40 -80 ng/μl as determined by Nanodrop spectrophotometer.
Library clustering and Illumina platform sequencing
Prior to cluster generation, cDNA libraries were analyzed using an Agilent © 2100 Bioanalyzer (http://www. Integrase
The nucleotide present in the reference genome sequence of Frankia sp. CcI3. 2 The predicted allelic variants for the reference position nucleotide. The most common polymorphic nucleotide is listed first in the proportion.
chem.agilent.com) to determine final fragment size and sample concentration. The peak fragment size was determined to be approximately 200 +/-25 bp in length for each sample. Twenty nmoles of each cDNA library were prepared using a cluster generation kit provided by Illumina Inc. The single-read cluster generation protocol was followed. Final cluster concentrations were estimated at 100,000 clusters per tile for the five day sample and 250,000 clusters per tile for the two three day samples on each respective lane of the sequencing flow-cell. An Illumina ® Genome Analyzer IIx™ was used in tandem with reagents from the SBS Sequencing kit v. 3 in order to sequence the cDNA clusters. A single end, 35 bp internal primer sequencing run was performed as per instructions provided by Illumina ® . Raw sequence data was internally processed into FASTQ format files which were then assembled against the Frankia sp. CcI3 genome [Genbank: CP000249] using the CLC Genomics Workbench™ software package distributed by CLC Bio © .
Frankia sp. CcI3 has a several gene duplicates. This made the alignment of the short reads corresponding to the gene duplicates difficult. Reads could only be mapped to highly duplicated ORFs by setting alignment conditions to allow for 10 ambiguous map sites for each read. In the case of a best hit "tie," an ambiguous read was mapped to a duplicated location at random. Without this setting, more than 20 ORFs would not have been detected by the alignment program simply due to nucleotide sequence similarity.
To standardize gene expression calculations among different samples, the CLC Genomic Workbench software calculates an expression value termed "reads per kilobase million" (RPKM). This calculation incorporates variable gene length in the gene expression ratio, and the total number of reads obtained from a sequencing run [41] . The equation used to determine RPKM values is as follows:
RPKM = Number of Reads/ Kilobase length of gene * Millions of reads in dataset
The RPKM value allows comparisons between datasets containing variable numbers of reads as well as expression of genes with varying lengths. Because of the disparate quantities of rRNA reads among the three samples, we removed all non-coding RNA (ncRNA) reads from the data set before calculating RPKM values. This ensures that the reads from the 5dNH4 sample, which had the lowest number of ncRNA reads, were not overrepresented. Comparisons of gene expression were tested using Kal's Z-test [25] . Heat maps were generated using the Cluster 3.0 command line program (http:// bonsai.ims.u-tokyo.ac.jp/~mdehoon/software/cluster/ software.htm). Datasets were normalized and median subtracted prior to map generation. Maps were viewed using Java Treeview [42] .
Potential SNPs were filtered using the following criteria: (1) reads containing putative SNPs were discarded if they had an average quality score of less than 15; (2) the polymorphic base within the read had to have a quality score above 20; (3) at least 10× coverage of the SNP position was required; (4) the SNP had to be present in 25% of the reads at that location. Raw sequence reads and calculated RPKM values for each CcI3 ORF were uploaded to the Gene Expression Omnibus database at NCBI (http://www.ncbi.nlm.nih.gov/projects/geo) with the accession number GSE30680.
RT-qPCR assays
The nucleotide sequences for the target transposase ORFs in Frankia strain CcI3 [genbank: CP000249] were retrieved from Genbank. Primers were designed using the Primer3 webtool (http://frodo.wi.mit.edu/primer3/) with settings to generate primers with a melting temperature of~60°C. Due to the limitations of extension time in quantitative polymerase chain reactions (qPCR), primers were designed to amplify less than 200 bp of sequence when possible.
Stocks of Frankia sp. CcI3 cells were grown in four culture conditions that included two time points and two medium types. Three of the conditions mirrored those used in the mRNA-seq experiment (3dN2, 3dNH4 and 5dNH4). A fourth condition, consisting of cells grown in nitrogen fixing medium for five days (5dN2), was also used. Cells were harvested and RNA was purified in the same manner as used in the mRNA-seq experiment. Approximately one micro-gram of RNA from each sample was used in subsequent reverse transcriptase reactions. Complementary DNA was synthesized using the SuperscriptIII © reverse transcriptase with gene specific primers (~100 nM final concentrations per reaction mix). Synthesis of the first strand was carried out at 55°C for 50 minutes with a five minute denature step at 80°C. RT reactions were diluted ten-fold with sterile water after denaturation.
All qPCR experiments were performed using the Bio-Rad™ SsoFast © Evagreen qPCR 2X master mix. Reaction volumes were reduced to 12.5 μl. A Bio-Rad™ iQ5 real-time thermocycler was used to quantify reactions. Antibody denaturing of the SsoFast polymerase was performed at 95°C for 1.5 minutes immediately prior to any cycling step. This was followed by one 98°C denaturation for 2 minutes. Temperature cycling consisted of the following: 35 cycles of 98°C for 10 seconds then 55°C for 15 seconds and finally 65°C for 15 seconds. Melt curves (to determine if there were multiple PCR amplicons) were constructed by heating final amplified
